Noise-induced hearing loss (NIHL) is an important occupational hazard that results from an interaction between genetic and environmental factors. Although the environmental risk factors have been studied quite extensively, little is known about the genetic factors. On the basis of multiple studies, it was proposed that oxidative stress plays an important role in the development of NIHL. Here, we investigated whether variations (single nucleotide polymorphisms; SNPs) in the catalase gene (CAT ), one of the genes involved in oxidative stress, influence noise susceptibility. Audiometric data from 1261 Swedish and 4500 Polish noise-exposed labourers were analysed. DNA samples were collected from the 10% most susceptible and the 10% most resistant individuals. Twelve SNPs were selected and genotyped. Subsequently, the interaction between noise exposure and genotypes and their effect on NIHL were analysed using logistic regression. Significant interactions were observed between noise exposure levels and genotypes of two SNPs for the Swedish population and of five SNPs for the Polish population. Two of these SNPs were significant in both populations. The interaction between predictor haplotypes and tagSNP haplotypes and noise exposure levels and their effect on NIHL were also analysed, resulting in several significant associations. In conclusion, this study identified significant associations between catalase SNPs and haplotypes and susceptibility to development of NIHL. These results indicate that catalase is a NIHL susceptibility gene, but that the effect of CAT polymorphisms can only be detected when noise exposure levels are taken into account.
INTRODUCTION
Noise-induced hearing loss (NIHL) is most often caused by continuous and regular exposure to noise, but it can also be the result of single or repeated occasions of acoustic trauma. It is the second most frequent form of sensorineural hearing loss, after age-related hearing impairment, and forms worldwide a high occupational health-risk. In human subjects, a large variation in susceptibility to noise is observed. NIHL is a complex condition, caused by an interaction between genetic and environmental factors. Noise is the best-known and one of the most studied environmental factors causing hearing loss. Noise is harmful from 85 dB and causes both mechanical and metabolic damage (1) . Several other environmental factors, such as exposure to chemicals like organic solvents and heavy metals, can augment the effect of noise (2 -4) . In addition, individual factors such as smoking, high blood pressure and cholesterol levels can influence the susceptibility to noise (5) .
As a formal heritability study has not yet been realized for NIHL in humans, the notion that genetic factors play a role in the development of NIHL has been deduced from studies # The Author 2007. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org using animals (6) . Several studies demonstrated that mouse strains exhibiting age-related hearing impairment are more susceptible to noise than other strains (7 -9) . In addition, several knockout mice, such as PMCA22/2 (10), CDH23þ/2 (11), SOD12/2 (12) and GPX12/2 (13) , are more susceptible to noise than their wild-type littermates. Also, spontaneously hypertensive rats have a progressive hearing impairment and are more susceptible to noise than normotensive rats (14) .
So far, only a few association studies trying to identify genes involved in human subjects have been performed (15 -18) . Only two of them have led to a possible identification of NIHL susceptibility genes, i.e. KCNE1 (15) and GSTM1 (17) .
Cochlear hair cell damage by reactive oxygen species (ROS) following noise exposure is a potential mechanism for NIHL. Superoxide anion radicals emerge in the stria vascularis after intense noise exposure (19) and hydroxyl radicals significantly increase in the cochlea of animals exposed to noise (12) . It is known that antioxidant therapy protects against NIHL, whereas chemicals that produce oxidative stress potentiate NIHL (20 -23) . In addition, mice lacking either SOD1 or GPX1, two enzymes that are involved in the protection against oxidative stress, are more susceptible to NIHL than their wild-type littermates (12, 13) . Finally, the expression of glutathione and catalase, two other antioxidant factors, increases after noise exposure as shown in studies using animals (20, 24) .
Since the cochlea is a metabolically active organ, several ROS are generated under normal metabolic circumstances during the reduction of oxygen into O 22 (i.e. O 2 into H 2 O). Antioxidant systems are present to neutralize these ROS. Besides antioxidant enzymes that are active in glutathione metabolism, another set of enzymes is involved in the breakdown of superoxide anions and hydrogen peroxide (H 2 O 2 ). One of such enzyme is catalase (hydrogen peroxide oxidoreductase; EC 1.11.1.6), a heme-containing homotetrameric protein (25) . Catalase decomposes H 2 O 2 in reactions catalyzed by two different modes of enzymatic activity: either catalytic (2H 2 O 2 ! O 2 þ 2H 2 O) or peroxidatic (H 2 O 2 þ AH 2 ! A þ 2H 2 O), in which AH 2 stands for a proton donor (26, 27) . Erythrocytes, liver and kidney contain the highest level of catalase while the lowest levels are observed in connective tissue (28 -30) . In the inner ear, higher levels of catalase are observed in the organ of Corti than in the stria vascularis (24) .
The catalase gene (CAT ) has been assigned to 11p13 (31) . It measures 34 kb and contains 13 exons (32) . The coding region consists of 1581 bp (33) . Possible associations between CAT polymorphisms and diabetes mellitus, high blood pressure and vitiligo have already been detected (34 -38) .
The general aim of the current study was to investigate a possible association between CAT variants and NIHL. In an earlier study, we analysed several polymorphisms in a number of oxidative stress genes, including CAT, for association with NIHL, but did not detect significant main effects (18) . In this study, when we included the different exposure categories into the analysis and when we performed an in-depth analysis using more markers, we obtained several significant associations for genotypes and haplotypes in two independent noise-exposed populations. These results confirm the hypothesis that oxidative stress plays a role in the development of NIHL, and that variants in CAT influence susceptibility.
RESULTS

SNP selection
The first set of SNPs (SNP 5, 10 and 12; Tables 1 and 2 ; Fig. 1 ) has been analysed previously (18) . No significant associations between the genotypes of these SNPs and NIHL were obtained in the Swedish population (18) . Since there were several strong arguments that oxidative stress is involved in the development of NIHL, further statistical analysis was performed, testing for the interaction between noise exposure levels and genotypes. This resulted in significant P-values for SNP 5 and 12 (Table 2 ). Subsequently, three additional SNPs (SNP 2, 3 and 4; Tables 1 and 2 ; Fig. 1) , situated in or in the proximity of the promoter region (32), were selected. A third set of SNPs was selected using Hapmap (http://www.hapmap. org) data. On the basis of these data and the forced inclusion of the first six SNPs, the program Tagger (http://www.broad. mit.edu/mpg/tagger/) selected six additional tagSNPs (SNP 1, 6, 7, 8, 9 and 11; Tables 1 and 2 ; Fig. 1 ). After aggressive tagging, Tagger also proposed four specific haplotypes of tagSNPs, each of which serves as a proxy for hidden SNPs. These haplotypes are hereafter referred to as predictor haplotypes (Table 3) . As all hidden SNP alleles are captured with a mean R 2 of 0.975 (with minimum R 2 of 0.8), this set of 12 SNPs in combination with the four predictor haplotypes should cover all common genetic variation in CAT.
Single SNP analysis
In total, 12 SNPs were analysed in 205 Swedish and 685 Polish noise-exposed labourers. Table 2 contains the resulting P-values after association analysis for the main effect and for the interaction between genotype and noise exposure level for every single SNP. We detected several significant genotype versus noise exposure level interactions. This means that a significant difference existed in genotype distribution between sensitive and resistant persons for the different noise exposure groups, which suggests a differential effect of the genotype on the noise susceptibility according to the noise exposure level. In case the interaction term was significant, the main genotype effect for each separate noise stratum was calculated. For the SNPs of which the interaction P-value was not significant, the main effect of genotypes on NIHL was calculated on the whole populations. No significant associations were found with these latter calculations, which suggest that none of the SNPs has a significant effect on noise susceptibility across all exposure levels.
In the Swedish population, we have obtained significant interaction P-values for two SNPs, SNP 5 (P ¼ 0.004) and SNP 12 (P ¼ 0.018). For SNP 5, the low-level (,85 dB) exposure group revealed a significant main effect P-value of 0.033. Figure 2A shows that in the low-level exposure group (,85 dB), sensitive workers are more likely to carry the AG genotype, whereas in resistant persons the GG genotype dominates. For the high-level exposure group (.92 dB), an opposite picture was observed: resistant persons are more likely to be AG heterozygotes while the GG genotype appears more often in sensitive subjects. A trend towards significance was calculated (P ¼ 0.057). Although a significant interaction P-value of 0.018 was calculated in the Swedish population for SNP 12, no significant main effect P-values were obtained for the different exposure level strata. Since SNP 5 and 12 are in high linkage disequilibrium (LD) with each other (r 2 ¼ 0.981), SNP 12 displays almost an identical pattern as SNP 5 ( Fig. 2B versus 2A) .
The statistical analysis of individual SNPs in the Polish population resulted in a significant P-value for the interaction of genotypes with noise exposure for five SNPs: SNP1 (P ¼ 0.022), SNP 2 (P ¼ 0.001), SNP 5 (P ¼ 6.45 Â 10 25 ), SNP 9 (P ¼ 0.024) and SNP 12 (P ¼ 2.16 Â 10 24 ). SNPs 5 and 12 also showed a significant interaction P-value in the Swedish population. However, for the Polish population, a significant main effect P-value for the low level (,85 dB) and the high level (.92 dB) exposure group was detected for both SNP 5 and 12 (for low level, P ¼ 0.031 and 0.022, respectively; for high level: twice P ¼ 0.022; Fig. 2A and B) . When calculating the main effect for the different exposure level groups for SNPs 1 and 2, a significant main effect resulted (P ¼ 0.015 and 0.025, respectively) in the low-level exposure group (,85 dB), whereas in the high-level exposure group (.92 dB) a significant main effect was calculated only for SNP 2 (P ¼ 0.018). For SNP 1, the resistant workers are more likely to carry the CC genotype in the low-level exposure group (,85 dB), whereas heterozygous people (CT) are more likely to be susceptible. For SNP 2, heterozygous people (AG) of the low-level exposure group are more likely to be resistant, whereas sensitive samples more often carry the GG genotype ( Fig. 3A and  B) . Again the opposite picture was observed in the high-level exposure group for both SNPs 1 and 2. For SNP 1, CC homozygotes tend to be more susceptible while CT heterozygotes are more often resistant, and for SNP 2, resistant persons are more likely to be GG homozygotes while the AG genotype appears more often in sensitive subjects. Analysis of the different exposure level groups for SNP 9 gave a significant main effect (P ¼ 0.042) for the high-level exposure group (.92 dB). In this exposure level category, the homozygous genotype (AA) prevailed among the sensitive samples, while the heterozygous persons (AG) were more often resistant to noise (Fig. 3C) .
To test whether the differences in the duration of noise exposure between the two populations had a substantial effect on the results of the analysis, we have attempted to make the Polish population more comparable with the Swedish population by including only the samples that were exposed to noise for more than 10 years (n ¼ 586) and repeating the single SNP analysis for the Polish population. In this analysis, the interactions between SNP 5 and 12, noise exposure levels and NIHL remained highly significant (data not shown). The other results were very similar. Only minor borderline switches between significant and non-significant had occurred.
Predictor haplotype and tagSNP haplotype analysis
To statistically analyse the four different predictor haplotypes (each of which serves as a proxy for hidden SNPs), the haplotypes were first inferred by Famhap. The frequency of the specific predictor haplotype (i.e. GTG, GGC, GC and TT for, respectively, predictor haplotypes 2-3-5, 5-7-10, 5-10 and 1-10) was subsequently compared with the frequency of all other haplotypes combined. This is equivalent to an allelic test for the hidden SNP, which has a high correlation with the respective predictor haplotype. In the Swedish population, no significant P-values were obtained for this analysis (Table 3 ). In the Polish population, however, this analysis resulted in highly significant interaction P-values for predictor haplotypes 1, 2 and 3 (P-values: 0.002, 2.08 Â 10 24 and 1.26 Â 10 24 , respectively; Table 3 ). For the high-level exposure group (.92 dB), the main effect P-values for these three predictor haplotypes were significant (P-values: 0.022, 0.002 and 0.002, respectively; Table 3 ). In all the cases, the specific predictor haplotype appears more often among resistant subjects in the high-level exposure group (.92 dB; Fig. 4 ).
In addition to single SNPs and predictor haplotypes, we also analysed the tagSNP haplotypes of CAT (haplotypes composed of all tagSNPs). Only the most frequent haplotypes, with a total frequency of 0.90, were included in the analysis. The other haplotypes were combined into one group. Table 4 gives an overview of the most frequent tagSNP haplotypes and their frequencies in the Swedish and Polish population. Logistic regression resulted in a main P-value of 0.933 for the Swedish population (Table 3) . For the Polish population, the interaction between tagSNP haplotype and noise exposure level resulted in a significant P-value (P ¼ 0.005). When calculating the main effect for the separate exposure level groups, a significant effect was detected (P ¼ 0.019) in the high-level exposure group (.92 dB). In the Polish highlevel exposure group, more sensitive samples have tagSNP haplotypes 2, 4 and 5, and more resistant samples have tagSNP haplotypes 1, 6 and 7 (Fig. 5 ).
DISCUSSION
In this study, the association between several SNPs in CAT and NIHL, taking into account noise exposure levels, was analysed. A previous association study on the involvement of polymorphisms in oxidative stress genes in NIHL, including CAT, could not detect any significant association (18) . However, we have demonstrated here that the effect of CAT polymorphisms on NIHL can only be detected when noise exposure levels are taken into account. Several significant interactions were found, including those for five different tagSNPs, three predictor haplotypes and the tagSNP haplotype. Two of the significant tagSNPs showed interactions in both populations. Overall, when subdividing the population by noise exposure level, and testing for association in the separate noise exposure strata, we observed that the majority of the SNPs showed a significant result in the high-level exposure group (.92 dB), indicating that polymorphisms in CAT have a larger effect when carriers are exposed to higher levels of noise. This is not entirely unexpected because the higher the noise level, the more harmful it might be, and consequently the more effect that will be seen. Whether this is the only NIHL susceptibility gene with this characteristic remains to be elucidated, as up to now only a limited number of studies on the genetic factors involved in NIHL have been performed. Moreover, an analysis taking into account exposure levels in humans has never been done before. Hence, there is a chance that a similar effect might be observed in other genes too. These results illustrate the complexity of NIHL and indicate that accounting for effect modification by exposure levels is an interesting option for future research that aims at the investigation of the genetic factors contributing to NIHL. For SNP 12 in the Swedish population, a significant interaction P-value was calculated, but no significant main effect could be detected when the analysis was performed on the separate noise exposure level groups. This may be due to small sample numbers in the different noise exposure level groups. Power calculations for the Swedish population, which consisted of a selection derived from 1200 samples, yielded a power of 80% for the detection of a causative allele with a relative risk of 2 when we assume an additive model (Genetic Power Calculator; http://www.statgen.iop.kcl.ac.uk/ gpc). When this population is divided into three noise exposure groups, it is possible that the size of the separate noise exposure groups is too small to be able to detect an effect.
Although the strongest interaction P-values (SNPs 5 and 12) can be observed in both the Swedish and the Polish population, this is not the case for all significant interaction P-values. Three are only observed in the Polish population (SNPs 1, 2 and 9). However, in order to confirm the association of a gene with a disease, it is not necessary that identical SNPs are associated in all populations under study. Different SNPs associated in different populations, but within the same gene, can be regarded as a replication (39) .
Even though SNPs 5 and 12 resulted in significant interaction P-values in both the Swedish and Polish population, the direction of the genotype effect in the different noise exposure level groups differs in both populations ( Fig. 2A and B) (40, 41) . The fact that a certain SNP allele is protective in one population but disease causing in another population has already been observed. A theoretical model demonstrated that these 'flip-flop' associations could occur when the investigated variant is correlated, through interactive effects or through LD, with a causal variant at another locus and that these associations may indeed be confirmations (42) . We cannot rule out the possibility of a falsepositive observation. Alternatively, the effect modification by other unknown environmental factors that differ between the two populations may explain this observation (43) .
The differences observed in the two populations may also be due to differences in sample selection. Different criteria were used for the two populations. For the Swedish population, the hearing threshold levels (HTLs) at 3 kHz were used as a selection criterion, whereas for the Polish population the HTLs at 4 and 6 kHz were considered. Another difference between the two populations is the fact that for the Swedish population the resistant and susceptible samples were matched for age and level of noise exposure, whereas in the Polish population the selection of resistant and susceptible samples was based on the ISO 1999 norms, which take into account age, tenure of exposure and noise exposure level. This procedure is therefore not the same, but is comparable with the matching method that was used in the Swedish population. Another factor that may play a role in the differences that were observed between the two populations is the kind of noise that the samples were exposed to. It is well known that impulse noise is more damaging than steady-state noise P-values that are significant at the 5% level are indicated in bold. Main effects of different noise exposure levels were analysed if the interaction P-value was significant. (44, 45) . The two populations consist of labourers from different types of factories and it is likely that some factories have more impulse noise than others. However, the type of noise was only documented for the Polish population. Quite remarkable is the opposite effect of the same genotype between the low and the high exposure group for SNP 1, 2, 5 and 12. This finding seems unusual, but similar observations have been done previously (46) . The interactions between day care exposure in the first 6 months of life (environmental factor) and genotypes of several candidate genes (genetic factor) and their effects on cytokine response profiles and on the development of atopic phenotypes in the first year of life have been investigated in a cohort of children with asthma (46) . The effects of a particular genotype on the phenotype were opposite depending on whether the child attended day care or not. The authors therefore suggested that these genotypic effects at these particular loci were modified by the environment in such a manner that the same genotype was associated with either protection or risk for a phenotype, depending on the exposure to day care (43) .
Another hypothesis that can explain this remarkable observation is the possibility that genotype CC for SNP 1, AG for SNP 2, GG for SNP 5 and AA for SNP 12 gives people a better hearing under normal conditions, i.e. under low noise exposure, while this same genotype makes people more susceptible to hearing loss under conditions of high noise exposure. In other words, these specific genotypes would give people a more sensitive hearing that is also more vulnerable to loud noise.
Alternatively, this observation could be the result of sound conditioning. Moderate level noise exposure can protect the ear from a following high-level exposure (47) . This sound conditioning can be induced by leisure time noise such as music listening or it might be a matter of the temporal schedule of noise exposure at work. Since it has been implicated that conditioning and the acquired resistance to noise is the consequence of an enhanced antioxidant response system, it is tempting to speculate that certain genotypes in CAT might have different effects on noise susceptibility depending on whether the subject has been conditioned to noise or not (24) . Table 5 . An asterisk indicates that a significant main effect P-value was observed in this noise exposure level group. SNP 2 is a polymorphism that is located in the promotor region of CAT. Computer analysis has indicated that the two alleles of this variant bind different transcription factors (48) . In addition, higher transcriptional activity of the A variant was observed in human hepatocellular liver carcinoma cell line 2 (HepG2) and human erythroleukemia cells (K562 cells), which was confirmed by the catalase levels observed in red blood cells (48) . This higher transcriptional activity of the A variant could not be replicated and even an opposite effect was demonstrated in another study on red blood cells (49) . According to this study, the A variant of catalase shows a decreased catalase activity in red blood cells. Further studies are required to explain these opposite findings, but these results might again indicate that the same genotype could have an opposite effect depending on the type of exposure to certain environmental factors. This demonstrates Rare homozygotes were added to heterozygotes for statistical analysis. Filled bars represent susceptible subjects, whereas white bars represent resistant subjects. The genotypes are indicated below each bar chart. Numbers of all categories can be found in Table 5 . An asterisk indicates that a significant main effect P-value was observed in this noise exposure level group. The frequency of the specific haplotype that is representative for the hidden SNP is compared with that of all the other haplotypes for the specific combination of SNPs that composes the predictor-haplotype. Filled bars represent susceptible subjects, whereas white bars represent resistant subjects. Numbers of all categories can be found in Table 5 . An asterisk indicates that a significant main effect P-value was observed in this noise exposure level group. the importance of including the analysis of environmental factors into the investigation of complex traits.
Three predictor haplotypes that are proxies for three different hidden SNPs had a significant interaction P-value in the Polish population. The three hidden SNPs lie between SNPs 10 and 11. The latter two SNPs are in high LD with each other and most likely also with the hidden SNPs. It is tempting to speculate that the significant results obtained for the three predictor haplotypes could all refer to the same causative SNP.
In addition to the significant results for the predictor haplotypes, a significant interaction P-value was obtained for the tagSNP haplotype in the Polish population. This was not replicated in the Swedish population. Since eight, different tagSNP haplotypes were needed to cover 90% of all tagSNP haplotypes, this non-significant finding may be due to a large number of degrees of freedom, decreasing the power in an already small population.
On the basis of the current findings, a single putative causative variant cannot be identified. However, there might be many variants in CAT influencing noise susceptibility. For example, in case catalase functioning is crucially dependent on expression level, one would expect that any variant influencing expression would show an association. The SNPs that gave significant results in our association study were spread all over the gene. In addition, none of the directly analysed or hidden SNPs were non-synonymous coding SNPs, i.e. SNPs that change an amino acid at the protein level. Only two SNPs were synonymous (SNPs 4 and 10). Synonymous SNPs close to the border of the exon might be located in exonic splicing enhancers or silencers that could affect splicing (50) . The causative variants may not be (non-) synonymous coding SNPs, but may be non-coding SNPs with an effect on the expression level or the activity of catalase. Polymorphisms located in a regulatory region or in an internal promotor may affect expression levels of catalase. Also, intronic variations located in the vicinity of exons can sometimes induce cryptic splicing. This may result in loss or gain of a limited number of amino acids, which might lead to a small effect on the function of the gene.
Recently, mice lacking catalase have been generated (51) . In view of the results that we have obtained in this study, it would be most interesting to expose these mice to noise and measure their susceptibility.
In this study, we tested 12 SNPs and 4 predictor haplotypes for association with NIHL and tested for noise exposure level versus genotype interaction. One could argue that a multiple testing correction should be done to keep the type I error under control. However, it is quite controversial how this should be done. The Bonferroni correction uses the number of independent hypothesis to correct the P-value. Owing to high LD between the SNPs, however, the 16 tests that we have performed are not independent, and the Bonferroni correction would be too strict. The false discovery rate (FDR) correction is a good alternative (52) . When an FDR correction is applied to our data, using n ¼ 16 (single SNPs and predictor haplotypes) and only considering interaction P-values, all the P-values remain significant for the Swedish and Polish populations. As genetic epidemiologists have not yet come to a consensus how to correct for multiple testing for the investigation of a single gene and as replication in different populations is more important than having very low P-values (38,53), we believe that the findings in the current study are indicative of a true association between the catalase gene and NIHL.
In conclusion, several associations were detected between variations in catalase and NIHL susceptibility in two independent, noise-exposed populations. In particular, significant interactions between genotypic variations and noise exposure levels and their effect on NIHL were obtained, often resulting in significant main effects in the high-level noise exposure group. Further association analysis and functional studies will contribute to the identification of the underlying mechanism of NIHL.
MATERIAL AND METHODS
Samples
Swedish population A detailed description of the Swedish sample population can be found elsewhere (16, 18) . In brief, 1261 male noise-exposed workers from two paper pulp mills and one steel factory in the mid-western part of Sweden were divided into nine categories (three age-ranges, ,35, 35 -50 and .50 years, and three occupational noise exposure categories, 85 dBA, 86 -91 dBA and !92 dBA, all leq, 8 h, 5 days a week). From each category, the 10% most-resistant and the 10% most-sensitive persons were selected using the HTL of the left ear at 3 kHz as a measure of noise susceptibility. A noise level of 3 kHz was preferred for the selection of susceptible individuals over 4 or 6 kHz for several reasons. Firstly, an increase in damage leads to a widening of the initial 4 -6 kHz notch to lower frequencies (ISO 1999-International Organization for Standardization, 1990 ). Furthermore, the HTL at 3 kHz continues to increase over a longer period of time than does the HTL at 4 and 6 kHz (54) and the majority of the Swedish subjects (79%) had been exposed to noise for !20-30 years. In addition, the ISO 1999 norm shows that individuals who have been exposed to noise (!90 dBA) for !20 years have a higher HTL at 3 kHz than at 4 and 6 kHz in the 0.1 fractile. Blood samples were taken from a total of 218 subjects: 104 noise susceptible and 114 noise resistant subjects. After genotyping, data polishing was initiated that consisted of the removal of samples with more than 10% missing genotypes and the removal of genetic outliers detected with the programs CHECKHET (http://www.smd.qmul.ac.uk/statgen/dcurtis/ software.html) and GRR (55) . CHECKHET detects subjects with a different genetic background compared with the majority of the tested population, while GRR detects individuals with similar allele patterns which could be indicative of related individuals. A total of 205 samples, consisting of 98 noise susceptible and 107 noise resistant subjects (Table 5) , were used for further analysis.
Polish population Information concerning the audiometric status, noise exposure and exposure to chemicals was gathered from 4500 Polish workers from different industries, including a coal mine, an electric power station, a dockyard, a glass bottle factory and a lacquer and paint factory. An inclusion criterion for this study was an exposure to noise of at least 1 year. Subjects with a history of middle ear disease, conductive hearing loss or skull trauma and subjects with a family history of hearing loss were excluded. Unlike for the selection in the Swedish population, HTLs at 4 and 6 kHz, the two frequencies that are most easily affected by NIHL, were evaluated. For each subject, a Z-score that corrects for age, gender, tenure of exposure and noise exposure level was generated based on the ISO 1999 norms (ISO 1999-International Organization for Standardization, 1990 ). This Z-score will represent the amount of hearing loss of each labourer taking the different corrections into account. Details concerning this Z-score generation have been published elsewhere (56) . Subsequently, the 10% most-susceptible and the 10% most-resistant subjects were selected at the two extremes of the phenotypic spectrum, resulting in 354 samples from the highly susceptible and 348 from the highly resistant category. After data polishing, 347 noise susceptible and 338 noise resistant subjects were used for further analysis (Table 5) .
Although, for the Polish population, the interaction noise exposure level versus genotype was tested using noise exposure level as a continuous variable, we subsequently estimated the stratum-specific main effect of the genotype by Table 4 . Filled bars represent susceptible subjects, whereas white bars represent resistant subjects. Numbers of all categories can be found in Table 5 . An asterisk indicates that a significant main effect P-value was observed in this noise exposure level group.
subsetting the samples of the Polish population into the same noise exposure level categories as were used in the Swedish population.
SNP selection
Two sets of three SNPs were selected based on the data in dbSNP (http://www.ncbi.nlm.nih.gov/) or Genbank (http:// www.ncbi.nlm.nih.gov/Genbank/). To fully cover the common variations in CAT, these six initial SNPs were supplied with six tagSNPs, selected from the International HapMap Database-phase II. These tagSNPs were selected using the program Tagger hereby forcing in the first two sets of three SNPs. The aggressive tagging algorithm ensures the selection of the most informative set of SNPs, minimizing the genotyping effort. In addition, several specific combinations (haplotypes) of either two or three tagSNPs were obtained, each of which serves as a proxy for hidden SNPs. In this study, the latter haplotypes will be referred to as predictor haplotypes. The total set of 12 SNPs and four predictor haplotypes should cover all common variations that are present in CAT gene.
Genotyping methods
Genomic DNA was extracted from all blood samples using standard procedures. PCR primers were designed with Primer3 software (http://www.biotools.umassmed.edu/ bioapps/primer3_www.cgi; Table 1 ). SNP primers consisted of the nucleotide sequences immediately adjacent to the SNP, either on the forward or on the reverse strand, with a minimal melting temperature of 608C ( Applied Biosystems), together with 0.1 mM SNP primer, were added to the reaction. Primer extension was achieved through 25 cycles of 10 s denaturation at 968C, 5 s hybridization at 508C and 30 s extension at 608C. After a final clean-up step using 0.5 U CIAP (1 h at 378C, 15 min at 728C), the products were size separated using an ABI PRISM w 3130xl Genetic analyser (Applied Biosystems) and the results were analysed using ABI PRISM w GeneMapper TM Software, Version 3.0 (Applied Biosystems).
Statistical analysis
Hardy -Weinberg equilibrium was checked for all individual SNPs using a x 2 test for goodness-of-fit (HWE version 1.2) (57). To test for associations between single SNPs and noise susceptibility, stepwise backward logistic regression was performed, accounting for exposure and age, allowing for interactions and quadratic effects (age 2 , age Â noise exposure level, noise exposure level 2 and noise exposure level Â genotype). Since age 2 , age Â noise exposure level and noise exposure level 2 were always significant, interaction between the level of noise exposure and genotypes was tested by a likelihood ratio test, comparing the model that includes the interaction term noise exposure level Â genotypes with the model only including main effects for genotype, exposure levels and age and the interaction terms age 2 , age Â noise exposure level and noise exposure level 2 . In case the interaction term exposure level Â genotypes was significant, the main effect of the genotype was calculated for each separate noise stratum. In case the interaction term exposure level Â genotypes was not significant, the main effect of the genotype was calculated for the whole population. The significance of the main effects of the SNP genotype was tested using a likelihood ratio test comparing a model including genotype, age, noise exposure levels and the interaction terms age 2 , age Â noise exposure level and noise exposure level 2 with a model only including age, exposure levels, age 2 , age Â noise exposure level and noise exposure level 2 . In the case of SNPs with a low minor allele frequency, where the logistic regression model did not converge, the rare homozygous group was added to the heterozygous group for this SNP.
In addition to single SNPs, two different haplotype associations were tested: (i) the predictor haplotypes and (ii) the tagSNP haplotypes. The predictor haplotypes test a hidden SNP, where one specific haplotype corresponds to one allele of the hidden SNPs. The tagSNP haplotypes consist of the haplotypes composed of all the tagSNPs. Famhap (58) was used to infer haplotypes and their likelihood for each individual. During haplotype association testing, inferred haplotypes were always weighted by their likelihood as estimated by Famhap. The specific haplotypes of the predictor haplotypes were tested against all other possible haplotypes of the selected SNPs. For the analysis of tagSNP haplotypes, the 10% least-frequent haplotypes were combined into one group to reduce the degrees of freedom and maximize the power of the test. The interaction between noise exposure level and predictor and tagSNP haplotypes, respectively, and the main effect of the predictor and tagSNP haplotypes, respectively, on NIHL were statistically analysed using logistic regression as described for the single SNP analysis. All statistical analyses were performed using SPSS 12.0 (SPSS 12.0 for Windows, SPSS Inc., Chicago, IL, USA).
